Tau Neutrinos and theThree-Flavor Model

Stephen Parke, Fermilab
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PMNS matrix
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Labeled by
. Decreasing
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PMNS matrix

flavor Mass
Eigenstates
states
Ve U el U 82 Ue3 vl Mass Eigenstates
Labeled by
Decreasing
Vu = Upi Upr Uys || V2 v
content
Vr U 71 U T2 U T3 V3
ey 500 km/GeV
In vacuum
15,000 km/GeV <=
o |dm%,| ~ 30 dm3, >0 SNO




PMNS matrix

Mass
flavor |
states Eigenstates
Ve U el U e2 U 23 Vi Ma]is fiﬁn;tates
abDcClC y
Vu [=[ Ut Upz Ups |[ V2 ]| 0
Vr Ut U Uz J\ V3

€ 500 km/GeV

INn vacuum

15,000 km/GeV <=3
o |dm%,| ~ 30 dm3, >0 SNO

e Normal Ordering: m? < m3 < m§ NOvA, DUNE, HyperK

and Inverted Ordering: mg < m% < ms5 PINGU, ORCA -, JUNO

# I | m
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Usual representation:

23 12
1 0 0 C13 0 s13e7% ci2  S12 0
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[ T ] < e [ H—e ]
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Usual representation:

23 13 12
1 0 0 C13 0 5‘1361‘*7"6 Ci12 512 0
U= 0 C23 523 0 % 1 0 —812 ci12 0
0 —s23 o3 —513 e 0 C13 0 0 1
Atmospheric Reactor/Interference Solar
L — 7T L e [ n—e }
500 Km/GeV 500 Km/GeV 15,000 Km/GeV
C12€13 , $12€13 ,
U= | —s12¢23 — c12523513¢€’ 12023 — $12523513¢€

0

5
$12523 — €12¢23513€"°  —c12523 — S12€23513€"

___——rxdiag(l, €727, e727) .

irrelevant for oscillations

UNITARITY IS BUILT IN:

Ov (33 Decay
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Global

Fits:
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Unitarity Triangles:
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Unitarity Triangles:

Quarks: Leptons:
ES S
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Unitarity Triangles:
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' Visualisation of precision
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Probability Distribution for |U|

note scales 1508.05095 SP+Ross-Lonergan
30 Ranges
r N
100 -
|Uel‘ |U62| ‘Ue?)‘
80
60— Unitary
40 - -
20} (912 \‘ - /\ (912 (913
A\| 1 1 J 1 1 1 1 1 1 1 1 1
10
: 57 923 U,LL1| 57 923 |U,u2| ,\ﬁ |U/,L3|
6=
4=
2t 023
g 1 1 1 1 1 1 1 1 1 J 1 L
10
0,023 U 0,025 U, r\/\ U
8k
6
4
2 023
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J 1 L_ 1
L 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 l.OJ
It *Agrees with contemporary global fits to within &'(1%) precision at 3 ©.
W

Stephen Parke, Fermilab

NuTau’'21 @ BNL/Online

9/28/2021

=0



het
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Usual representation:
12

)

q ,

Atmospheric ReactONg@imerference Solar
[ H—7t ] TRES. ~Q u—e ]
500 Km/GeV 500 Km/GeV¥ 15,000 Km/GeV
€126 | 512C13
U= | —s12c03 gfsa3s13¢°  cracp3 — s12s23513€"
51938 c1oc23513€°  —cla893 — S12C3513€"

.0521 .(131
. ’I/— /l/_
diag(1l, ™2, e 727) .

UNITARITY IS BUILT IN:  U'U =1

|
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Unitarity Conditions:

ROWS: « = (6,#,7’) ] — (17273)

UUt =1
Z U,;|> =1 row normalizations
J
Z UajUz; =0 a# B row orthogonality
J

All must be satisfied if U is unitary !
Jt
L. 3

|
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Unitarity Conditions:
rROows: a=(e,u,7) j=(1,2,3)

UUT =1 9 conditions (real):
with 4 not involving 7
(e*, u® and A.,,)
AND 5 involving 7's |

E |Uoéj|2 =1 row normalizations

J

Z UajUz; =0 a# B row orthogonality

J

All must be satisfied if U is unitary !

Jt
L. 2
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Unitarity Conditions:
rROows: a=(e,u,7) j=(1,2,3)

UUT =1 9 conditions (real):
with 4 not involving 7
(e*, u® and A.,,)
AND 5 involving 7's |

E |Uoéj|2 =1 row normalizations

J

Z UajUz; =0 a# B row orthogonality

J

UUT=1=UUU—-1)=0

All must be satisfied if U is unitary !

Jt
L. 2

|
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Unitarity Conditions:

ROWS: « = (6,#,7’) ] — (17273)

UUT =1 9 conditions (real):
Z U,;|> =1 row normalizations W'Eh i not involving 7
J (e, u* and Ag,,)
. _ -
Z UajUz; =0 a# B row orthogonality AND 5 involving 7's !

J

UUT=1=UUU~-1)=0
COLUMNS:

U'U =1

g U,;|> =1 column normalizations

Z UsjUsi =0 j#k column orthogonality

All must be satisfied if U is unitary !
Jt
L. 3
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Unitarity Conditions:

ROWS: « = (6,#,7’) ] — (17273)

UU" =1 9 conditions (real):
Z |Uozj|2 =1 row normalizations W';h i not InVO|V|ng T
J (e, u* and A.,,)
. _ -
Z UajUz; =0 a# B row orthogonality AND 5 involving 7's !

J

UUT=1=UUU~-1)=0
COLUMNS:

i = 1 ALL 9 conditions involve 7's |

g U,;|> =1 column normalizations

Z UsjUsi =0 j#k column orthogonality

All must be satisfied if U is unitary !
Jt
L. 3

|
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Non-Unitary 3x3
Ut Ue U
Ut Uuz Uy3
U U Uz

note: 13-9=4

# e \ m
L. 3
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Non-Unitary 3x3

Ut Ue Ues
Uni Upz Ups
U’cl Urz Ur3

Ue U.3|

Upins = Unale’? |Uys

U1:2‘€I v U’E3‘

note: 13-9=4

# e \ m
L. 3
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Non-Unitary 3x3

Uet U U
Uyt Uz Ups
U’cl Urz Ur3

U.3|

Upyins = : 2]e" k2 |Uys)

U’E3‘

e 13 real parameters after rephrasing the leptonic fields !

e compared to 4 real parameters for unitary case.

note: 13-9=4

# [ \ m
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het

Uel
Url

UeQ
Urz

Ue3
U'c3
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v, disappearance: L/E ~ 500 km/GeV

Uel Ue2 Ue3

U ul U u2 @ a}f&lgg,(%z&
NOVA, ....

U Tl U T2 U T3

Ups|*(1 — [Upsl®)
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v, disappearance: L/E ~ 500 km/GeV

Uel Ue2 Ue3

NI sk ke
Uul Uu2 @ MINOS, T2K,

J NOVA, ....
Ufcl Urz U’c3

|Uu3|2( |Uu1|2‘|‘|Uu2|2 )
( |Uu1|2‘|‘|Uu2|2‘|'|Uu3|2 )

Ups|*(1 — |Upsl®) =

Jt
L. 2
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Solar:
SNO (CC/NC ratio), ...

el . Ue3

Upt Upz Up3
Ufcl Urz U’c3

|U62‘2

ephen Parke, Fermilab NuTau’2l @ BNL/Online
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Solar:
SNO (CC/NC ratio), ...

Uet (Ued) Ues

Uez|? = Uea |
82 ( |U€2‘2+|Up,2 2_|_‘U7_2‘2 )

het

|
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Solar:
SNO (CC/NC ratio), ...

Uet (Ued) Ues

Uez|? = Uea |
62 ( |U€2‘2+|Up,2 Z‘HUTZ‘Z )

e also SNO’s NC fluxes constrains |Ug1|? + |Uez2|? + |Uesl?

Jt
L. 2

|
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Ve disappearance: L/E ~ 500 m/MeV

Daya Bay,
RENO,
Uel U62 Double Chooz
Ut Upz Uy
U Tl U T2 U T3

|U83|2(1 T ‘Ue?)lz)
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Ve disappearance: L/E ~ 500 m/MeV

Daya Bay,
RENO,
Double Chooz

Urz U’c3

Ues2( [Uet |>+|Ues|? )
Ues|? (1 — [Uesl®) = (10Ul 057 )

Jt
L. 2

|
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ve disappearance: L/E ~ 15 km/MeV

= 15,000 km/GeV
KamLAND wiggles

L) W) v.

Ut Upz Ups
Ufcl Urz U’c3

‘Uel‘z‘Ufﬁlz

JUNO will do much better here !
St
C. 3

|
Stephen Parke, Fermilab NuTau'21 @ BNL/Online 9/28/2021 16 m



ve disappearance: L/E ~ 15 km/MeV

= 15,000 km/GeV
KamLAND wiggles

Ut Upz Ups
Ufcl Urz U’c3

U 2 U 9 : |Uel|2|Ue2|2
|Ue1|*|Ue2] ([Ue1)2+|Ua22+[Ue3|? )

JUNO will do much better here !
St
C. 3

|
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v: appearance: L/E ~ 500 km/GeV

Uel e2 e3

Upr Upo @
Ui Up @
Opera and SK

U] Ups|*
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v: appearance: L/E ~ 500 km/GeV

Opera and SK

= R{-U;:;UMS (UTlU;:l + UTZU:;Q)}

Jt
L. 2

|
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Ve appearance: L/E ~ 500 km/GeV

T2K, MINOS

Stephen Parke, Fermilab NuTau’'21 @ BNL/Online 9/28/2021
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Ve appearance: L/E ~ 500 km/GeV

T2K, MINOS
NOVA,

LBNF, HyperK,
SuperPINGU, ...

Ues|*|Ups|* + - - -

= R{-U%Uus (UaaU}; + Ue2U))} + - - -

Jt
L. 2

|
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Summary (unitary case):

SNO
. Reactors SBL
KamLAND Wiggles Solar CC/NC ratio _V—Disapearance
e

Vv, Disappearance

..

DT MINOS/T2K
S O Vv, Appearance
\Uel : U€2 : Ue3
Uur iUpi Uy INOS/T2K
- : | vy, Disappearance
Ur1 Ui Uz
H /
SNO 4" OPERA and SK
Solar NC fluxes v: Appearance

Jt
L. 2

|
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where is our information ?
hon-unitary case:

U el U e U el
U 71 U T2 U T3




where is our information ?
hon-unitary case:

# [ \ m
L. 3
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where is our information ?
hon-unitary case:

# I \ m
L. 3
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where is our information ?
hon-unitary case:

Upt Upz
U'rl UTZ

# e \ m
L. 3
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where is our information ?
hon-unitary case:

Uur Upo
Url Urz

# I \ m
L. 3
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where is our information ?
hon-unitary case:

U Up

e Only places the degeneracy is broken between |U,1| and |U,2|:

Jt
L. 2

|
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where is our information ?
hon-unitary case:

e Only places the degeneracy is broken between |U,1| and |U,2|:

e KamLAND wiggles and SNO's NC flux plus feed through ! ! |

Jt
L. 2

|
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Jt
L. 2

Non-Unitary ! | |

30 Ranges

60

100~

80

40

20

|Uel|

A

- Unitary
= Non-Unitary

1508.05095 SP+Ross-Lonergan

N\

|U€2’

|Ue3|

10

14

VAR \

Ul

)\

‘UILLQ‘

‘U,u3‘

|U7'1|

S\

[

|U7'2|

_———.'./L/..L

r\/‘ |U7'3’

A

1 1 1 1
0.0 0.2 0.4 0.6 0.8

1
1.0 0.0 0.2 0.4 0.6

1 1
0.8 1.0 0.0

0.2

1 1 1 1
0.4 0.6 0.8 1.OJ

~\

Stephen

Parke, Fermilab

OPERA?
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What about Theory ? ? ?

# e \ m
L. 3
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Rare Lepton Decays .
[ MEG Experiment H= e}/]

r — ‘ 1
1 # L g e

u o m;%%b > |U€1Uu2$—|-U€2Uu2*—|—U€3Uu3*| <1.5x%x107
P ONERINES

Post Neutrino 2014 results, at the 90 % C.L, the bounds on the unitarity
violation of Upyns 1S glven by

Experimentally unitary at ¢'(0.1%) level!

0.9978 —0.9998 <105 < 0.0021>
U'U| = <1073 0.9996 - 1.0 < 0.0008
< 0.0021 <0.0008  0.9947 —1.0

S. Antusch and O. Fischer, (2014), arXiv:1407.6607 [hep-ph]

Jt
L. 2

|
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ARE THERE LIGHT STERILE

Ui
( Uel UeQ Ue3 Uen \
Uul Uu2 UM3 Uun
UPE)llic/icl%réded — U7-1 U7-2 U7-3 UT’I’L
\Usnl Usn2 Usn?) e Usnn)
L | R ————————
.3 |
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ARE THERE LIGHT STERILE

U3X3
— Cauchy-Schwartz
( Uel UeQ Ue3 U Uen \
U,ul U,u2 U,u3 U,un 3 2 3 3
UPE))ﬁcl%réded — U~ U, U,s U-, Z UeiU,ui* < (1 o Z Uei|2> (1 — Z Uﬂi2>
. 1=1 1=1 1=1
\Usnl Usn2 Usn?) e Usnn)
# I
L. NuTau’21 @ BNL/Online 9/28/2021 24 m
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ARE THERE LIGHT STERILE

3x3
UPMNS
AL

- ~ Cauchy-Schwartz
( Uel UeQ Ue3 T Uen \
U,ul U,u2 U,u3 U,un 3 2 3 3
xtende : K |2 12
UBgended — [\Ury  Ury  Unrs Urn > Uiy < (1 > |Ueil ) (1 > Ul )
: ; ; . : i=1 i=1 i=1
\Usnl Usn2 Usn3 e Usnn)
® v, Disappearance e v, Disappearance

MINOS+, NOvA, T2K, atmospheric neutrinos (SK and ICECUBE)

Jt
L. 2
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ARE THERE LIGHT STERILE

3x3
UPMNS

- ~ Cauchy-Schwartz
( Uel UeQ Ue3 T Uen \
U,ul U,u2 U,u3 U,un 3 2 3
Ugﬁﬁ%ded _ U7-1 U, U,s U-, Z UeiUui* < (1 o Z Uez|2> ( Z ‘ ,Ufb2>
: I . 1=1 1=1
\Usn Usn2 sn3 e Usnn)

o, Dlsappearance *

® v, Disappearance e v, Disappearance
MINOS+, NOvA, T2K, atmospheric neutrinos (SK and ICECUBE)
e 1, Disappearance

Daya Bay, RENO, many ~10m Reactor experiments & source
experiments.

# e \ m
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ARE THERE LIGHT STERILE

3x3
UPMNS

- ~ Cauchy-Schwartz
(Uel UeQ Ue3 ) Uen\
U,ul U,u2 U,uS U,un , 3 ,
v _ |V U U)o U | < 1—2\% =310
: ) : i=1 1=
\Usnl Usn2 Usn?) e Usnn) *

e v, — V. Appearance
° 1, Dlsappearance

® v, Disappearance e v, Disappearance

MINOS+, NOvA, T2K, atmospheric neutrinos (SK and ICECUBE)

e 1, Disappearance

Daya Bay, RENO, many ~10m Reactor experiments & source
experiments.

e v, — V. Appearance

Fermilab SBN Program, T2K and NOvA: DUNE & HyperK

Jt
L. 2
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Theoretical Geometric Bounds:

30 Ranges
il |Uel| : |Ue2| : |U63|

80~

—— Unitary

60— Non-Unitary + Geo Bounds

40

ST B | N

Ul

1

7

U l| T U,

T |UT1| ‘UTQ‘ r\/\|UT3|

I

0 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.OJ

\.

Most Assumption Independent that is theoretically motivated !
1508.05095 SP+Ross-Lonergan

|
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Constraints on Unitarity Conditions:

Normalisations
I ' L Y T30
Rows
- — a=e
— a=p
I - =T
6k Columns
S :
A LTI T lopiaaifol 2%
3
................. lo
0 - = 7 — 1 L
10 10" 0.5
2 2 2 2 2 2
L=(|Upg|” +|Upal” +|Unsl”) or  1=(JU,[" +|U,|" +|U4[")

Rows Columns

1508.05095 SP+Ross-Lonergan

Unitarity Triangle Closures

9 T T T T T T T T T T T 30
' Rows | o
L S— Ol,,8=€,,u, ,ge‘” "
—  a,f=e,T ;" 'l
i - a’IB:/"L’T FJ" I
k 1
6k Columns R
o |
== 1,7=1.2 Iy ,'
L .. 1
™~ - 71,.]:173 / II
= .. rr o,
S LJ=23 ). I 2%
A 7
!/, ’
3 roy
Iy
1
/
............................. /?r/_ (P N X
O — = 1 1 1
102 10" 0.5
* * * * * *
UaiUp1 " +UUg" +U3Us"|  or |UU,;" +U,U,;" +UU."|
Rows Columns

Stephen Parke, Fermilab

NuTau’'21 @ BNL/Online

\
9/28/2021 26 m



Constraints on Unitarity Conditions:

Unitarity Triangle Closures

Normalisations
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UPDATES:
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UPDATES:

10/1 4pm Fermilab JETP Seminar:

Search for anomalous single-photon production in MicroBooNE
as a first test of the MiniBooNE low-energy excess

Mark Ross-Lonergan, Columbia U.

# [ | m
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- If steriles heavier than electroweak scale:

~~

U=(1—-n)U
25x%x 1073 24x10° 2.7x10°3
2ln| < | 2.4x 107> 4.0x107* 1.2x 103 at 20
27x1073 12x10"3 56x10°3

|Fernandez-Martinez, Gavela, Lopez-Pavon, Yasuda, PLB 649 (2007) 427]
[Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavon, arXiv:1605.08774]

U is Unitary and n # 0 makes U non-unitary:

Jt
L. 2

|
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Ellis, Kelly and Li: 2008.01088

Normalisations:

a=¢e,[,T

Current
| Future

Column Normalizations
95% and 99% CR

Ne= > |Uul’

11 1.5
Row Normalizations
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Ellis, Kelly and Li: 2008.01088  Triangles:
IMPORTANT NOTE: SCALE CHANGES'!
*kUel + U;kUHl + U:kUTl

=U" * * tr =
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See Kevin Kelly and Julia Gehrlein talks

Wednesday
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Tssues for Discussion Session:
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Current Limits:

Current 30 Upper Limit
ey 3.2 x 1072
tor 1.3 x 1071
] 1.6 x 1072
t192 2.5 x 1071
t13 3.2 x 101
193 3.3 x 101

Ellis, Kelly and Li: 2008.01088

Jt
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Current Limits:

Current 30 Upper Limit
ey 3.2 x 1072
Ler 1.3 x 107 How/Why so good ?
] 1.6 x 1072 *
t19 2.5 x 1071 What'’s the physics here?
t13 3.2 x 101
to3 3.3 x 101

Ellis, Kelly and Li: 2008.01088
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Hu, Ling, Tang, Wang: 2008.09730 see JHEP

8= U AU P 621U PAU U P £ U U QU U Uy £ =U U U, U, U U,

IRows 7" [ T[T [ [Rews & 17 [T 8o
; (Se ', i ,’, _
_5u ,,' Il
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6 —- 4, I
D |
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Hu, Ling, Tang, Wang: 2008.09730 see JHEP

2 2 2 2 2 2
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Hu, Ling, Tang, Wang: 2008.09730 see JHEP
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Which Triangle ?

IIII|I_|

I
0.5~ usu; [Unique, No 7!
5 . F :
£ O0r g
-0.5 _— | | nu-Fit: [arXiv:1409.5439]—_
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Unitarity /s assumed.

0 | NO NUFIT 5.0 (2020)
T T T 1 | T T 1 T T T ] T T T T 1 N L I L O I L L Y [
0'5 [ el :3 o [ el :3 o
! TRV TRV
o i 1L i
g 0 10 ]
05 d | E — _
i A I A I T T T T N T T T T N NN N M M A M i A I A I AT T T T T T T NN N N M B M
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Re(z) Re(2)
# I \ m
L Stephen Parke, Fermilab NuTau’21 @ BNL/Online 9/28/2021 35



Thank You !

Interactions:
simple complicated

V; - U %

unitarity ??? v

complicated simple
Propagation:

V,

e

Jt
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